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In the claims: 

Please amend the claims as follows: 

1 . A polymer-modified monovalent antibody fragment [compromising] comprising an 
antigen-binding fragment and at least one polymer molecule in covalent linkage characterised 
in that each cysteine residue located in the antigen-binding fragment outside of the variable 
region domain is either covalently linked through its sulphur atom to a polymer molecule or 
is in disulfide linkage with a second cysteine residue located in the antigen-binding fragment; 

wherein said antigen-binding fragment is covalently linked to one, two or three 
polymer molecules through one, two or three cysteine residues located in the antigen-binding 
fragment outside its variable domain; 

and wherein said polymer is [an] optionally substituted, and is a straight or branched 
chain polymer selected from the group consisting of poly(ethylene glycol), [poly(ethylene 
glycol),] poly(propylene glycol), poly(vinyl alcohol) and derivatives [thereof] of 
polvf ethylene glycols polvfpropvlene glycol) and polvfvinvl alcohoO. 



Remarks 

I. Rejections under 35 USC § 112, Second Paragraph 

Claims 1, 5, 9-11 have been rejected under 35 U.S.C. § 1 12, second paragraph, 
as allegedly being indefinite for failing to particularly point out and distinctly claim what the 
applicant regards as the invention. 
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Claims 1 5 9-1 1 are allegedly indefinite in the recitation of "derivatives thereof 
in claim 1 . Claim 1 has been amended to recite that the derivatives are "of poly(ethylene 
glycol), poly(propylene glycol), and poly(vinyl alcohol)." The term "derivatives" is defined 
on page 6, lines 26-32 of the specification as to mean reactive derivatives, for example thiol- 
selective reactive groups such as maleimides and the like. This rejection has be obviated by 
amendment. 

Claims 1, 5, 9-1 1 are allegedly indefinite for reciting "optionally" in claim 1. 
Claim 1 has been amended to recite "wherein said polymer is optionally substituted, and is a 
straight or branched chain polymer..." The phrase "optionally substituted" in the amended 
claim 1 clearly modifies "said polymer." The phrase "optionally substituted" is defined in the 
specification as including "one or more hydroxy, methyl or methoxy groups." (Specification, 
page 6, lines 18-20.) This rejection has been obviated by amendment. 

Claim 1 is allegedly indefinite because it is allegedly structured as an improper 
Markush claim. In particular, the Examiner contends that it is not clear what the phrase 
"optionally substituted" is intended to modify. Claim 1 has been amended to recite "wherein 
said polymer is optionally substituted, and is a straight or branched chain polymer..." The 
phrase "optionally substituted" in the amended claim 1 clearly modifies "said polymer." This 
rejection has been obviated by amendment. 

In view of the foregoing, Applicants respectfully request that the rejections 
under 35 U.S.C. § 1 12, second paragraph be withdrawn. 
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II. Rejections under 35 U.S.C. § 102(b) 

Claims 1 and 9-10 remain rejected, and claim 1 1 is newly rejected under 35 
U.S.C. § 102 (b) as allegedly anticipated by Pedley et al. (Br. J. Cancer 70:1 126-30, 1994). 
Applicants traverse this rejection. Pedley et al. do not teach each and every element of the 
invention. 

The Examiner asserts that Pedley et al. teaches "site specific modification of 
cysteine residues", yet the Examiner only provides a general citation where this teaching can 
be found - i.e., page 1 127, left column. (Official Action of July 20, 2001, page 4, lines 3-5.) 
Applicants respectfully request a more specific citation to this alleged teaching, either by line 
number or paragraph. Pedley et al. does not teach site specific modification of cysteine 
residues, but rather teach random PEG attachment via lysine residues. (See specification as" 
filed, page 3, line 1-7.) Pedley et al. teach a maleimide-containing derivative of PEG 
conjugated to thiols that are introduced to the protein at lysine residues by the use of 
2-iminothiolane (Traut's reagent). (Pedley et al., page 1 127, left column, lines 2-5) Because 
these thiol groups are introduced to the protein by 2-iminothiolane, they are not confined to 
naturally occurring thiols, such as those found on cysteines residues, but may be found on any 
residue originally having an amino group. In fact, 2-iminothiolane acts primarily on lysines. 
(Kenny, J.W., et al., Methods in Enzymology, 1979, 59:534-550, page 534, bottom, enclosed 
herewith.) Regardless, it is unlikely that PEG is conjugated to a cysteine in the Fab' fragment 
of Pedley et al. because, prior to the PEG conjugation, the "liberated hinge thiols" of the Fab' 
were alkylated and therefore were unavailable for PEG-modification. (Pedley et al., page 
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126, right column, lines 33-34.) Therefore the PEG molecules of the modified Fab' 
fragments of Pedley et al. are not found solely, if at all, on cysteine residues, and Pedley et al. 
do not teach every element of the claimed invention. 



cysteine residue, "even those not found naturally in the antibody." (Official Action of July 
20, 2000, page 4, line 16.) If the Examiner would like to assert that non-native cysteines 
would be formed by the treatment of a protein with 2-iminothiolane, Applicants request that 
he provide a reference or file a declaration pursuant to 37 C.F.R. § 1.104(d)(2) to support his 
position. 



cysteine residue outside of the variable region domains is either covalently linked through its 
sulfur atom to a polymer molecule or is in disulfide linkage with a second cysteine residue 
located in the antigen-binding fragment." As stated above, the hinge thiols, which are from 
cysteine residues, are alkylated prior to PEG conjugation. Therefore, in Pedley et al. each 
cysteine residue is not linked to a polymer molecule or to a second cysteine residue, and 
Pedley et al. do not teach every element of the invention. 

In view of the foregoing, Applicants respectfully request that the rejection 
under 35 U.S.C. § 102(b) be withdrawn 

III. Rejections under 35 U.S.C. § 102(e) 



The Examiner asserts that cysteine residue of claim 1 would encompass any 



Pedley et al. do not teach a monovalent antibody fragment "where each 
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Claims 1 and 9-1 1 have been rejected under 35 U.S.C. § 102(e) as being 
allegedly anticipated by Griffiths et al. (U.S. Patent 5,670,132). Griffiths et al. allegedly 
teach site specific attachment of PEG to thiols in an antigen binding fragment outside the 
variable region, the antigen binding fragment being a Fab or Fab', and having an effector 
attached. Applicants traverse this rejection. Griffiths et al. does not disclose every element 
of the invention and does not enable one of ordinary skill in the art to make the invention. 

Griffiths et al. does not teach a polymer modified monovalent antibody 
fragment where "each cysteine residue located in the antigen-binding fragment outside the 
variable region domain is either covalently linked through its sulfur atom to a polymer 
molecule or is in disulfide linkage with a second cysteine residue located in the antigen- 
binding fragment." (emphasis supplied.) Griffiths et al. teach that in the useful end-product 
contemplated, at least some of the cysteine thiol groups are attached to Tc-99m. (Griffiths et 
al., column 3, lines 62-64.) Each of the cysteines of the polymer-modified antibody 
fragments of Griffiths et al. is not either bound to a second cysteine or to a polymer molecule, 
as recited in the claims. Therefore, Griffiths et al. does not disclose each of the elements of 
the claimed invention. 

Further, Griffiths et al. does not provide the degree of disclosure necessary for 
one skilled in the art to make the monovalent antibody fragments of the claimed invention. 
Griffiths et al. teach that "the intact immuno-globulin is first partially reduced under mild 
conditions to produce free thiol groups, which are then reacted with a PEG derivative capable 
of selective reaction with thiols." (Griffiths et al., column 3, line 66 - column 4, line 2.) 
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Further, "the PEG conjugate is then purified by size exclusion chromatography and 
proteolytically cleaved by standard methods with pepsin to produce F(ab') 2 fragments, or 
papain to produce F(ab) 2 [sic] fragments." (Griffiths et al., column 4, lines 8-12.) In order to 
proteolytically cleave the PEG conjugate with pepsin to yield bivalent F(ab') 2 , the fragments, 
the disulfide bonds in the hinge region of the PEG conjugate must be intact. The "mild 
conditions" used to partially reduce the intact immuno-globulin in the first step must 
therefore leave the hinge disulfide bonds intact. The nature of the "mild conditions" critical 
to reduce thiols but not the more accessible hinge disulfide bonds is not taught in Griffiths et 
al. Further, in the discussion regarding the subsequent labelling with Tc-99m, Griffiths et al. 
acknowledges that the hinge region disulfide bonds are more accessible to reducing agents. 
(Griffiths et al., column 4, lines 55-58.) In the examples, however, Griffiths et al. teaches that 
the lysines are pegylated. (Griffiths et al., column 7, lines 55-61, emphasis supplied.) 
Griffiths et al, thus, do not disclose how to specifically modify cysteine residues with PEG. 

Finally, Griffiths et al. is very confusing in its discussion of antibody 
fragments. It is unclear from the specification what is meant by a F(ab) 2 fragment. (Griffiths 
et al., column 3, line 1 ; column 4, line 1 1 ; column 5, line 4.) It is well known in the art that 
there are F(ab') 2 bivalent antibody fragments that retain a covalently bonded hinge region, 
and which may be reduced to monovalent F(ab') fragments. It is also well known that there 
are F(ab) monovalent antibody fragments which do not have the hinge regions. However, the 
identity of F(ab) 2 bivalent antibody fragments is not well known in the art. (See Janeway et 
al., ImmunoBiology . pp. 82-83, enclosed herewith.) Griffiths et al. is so inaccurate and 
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incomplete in its teachings of polymer-modified monovalent fragments, that one of skill in 
the art would not be able to use its teachings to make the invention of claims 1 and 9-11. 

In view of the foregoing, Applicants respectfully request that the rejection 
under 35 U.S.C. § 102(e) be withdrawn. 

IV. Rejections under 35 U.S.C. § 103(a) 

Claims 1, 5 and 9-1 1 have been rejected under 35 U.S.C. 103(a) as being 
allegedly unpatentable over Pedley et al. (Br. J. Cancer 70:1 126-30, 1994) in view of 
Goodson et al. (Bio/Technology 8:343-346, 1990) or Woghiren et al. (Bioconjugate Chem. 
4:3 14-3 18, 1993). Pedley et al. allegedly teach the covalent attachment of poly(ethylene 
glycol) to an antibody, a Fab fragment and a Fab 5 fragment of anti CEA. Goodson et al. or 
Woghiren et al. allegedly teach a protein modified with the addition of methoxy(polyethylene 
glycol). Applicants traverse this rejection. As discussed above, discussion incorporated 
herein, Pedley et al. does not disclose or suggest Applicants' invention. The remaining 
references do not overcome the deficiencies of Pedley et al. Further, no motivation is 
provided in Pedley et al., Goodson et al. or Woghiren et al. to combine these references and 
make obvious the claimed invention. 

From the teaching of Pedley et al., one of ordinary skill in the art would not be 
motivated to combine Pedley et al. with Goodson et al. or Woghiren et al. which the 
Examiner asserts teach the addition of methoxy(polyethylene glycol) to cysteine residues in 
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the protein. (Official Action, page 8 5 lines 13-14.) Regardless, even if combined, the 
references do not yield Applicants' invention. 

Woghiren et al. do not suggest the advantage of using methoxy(polyethylene 
glycol) to modify antibody fragments. The Examiner asserts that Woghiren et al. provide 
motivation to combine, citing the following: "we have prepared an activated form of PEG 
that is a stable reagent, but readily reacts with the thiol group of cysteine to form a disulfide - 
linked PEG adduct ." (Official Action, page 9, lines 6-7.) However, the mere availability of 
an activated form of PEG that is a stable reagent gives no motivation to use the reagent 
specifically with antibodies, and more specifically with monovalent antibody fragments, and 
no expectation of success in this use. In fact, Woghiren et al. actually teaches away from the 
use of PEG to modify antibodies. Woghiren et al. cite a reference in which PEG- 
modification inactivated a monoclonal antibody. (Woghiren et al., Introduction, line 14.) 

Claims 1, 5 and 9-1 1 have been rejected under 35 U.S.C. 103(a) as being 
allegedly unpatentable over Griffiths et al. (U.S. Patent 5,670,132) in view of Goodson et al. 
(Bio/Technology 8:343-346, 1990) or Woghiren et al. (Bioconjugate Chem. 4:314-318, 
1993). Griffiths et al. allegedly teach the site specific attachment of PEG to thiols in an 
antigen binding fragment outside the variable region, intra alia. Goodson et al. or Woghiren 
et al. allegedly teach a protein modified with the addition of methoxy (poly ethylene glycol). 
Applicants traverse this rejection. As discussed above, discussion incorporated herein, 
Griffiths et al. does not disclose or suggest Applicants' invention. The remaining references 
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do not overcome the deficiencies of Griffiths et al. Further, no motivation is provided in 
Griffiths et al. 5 Goodson et al. or Woghiren et al. to combine these references and make 
obvious the claimed invention. 

From the teaching of Griffiths et aL, one of ordinary skill in the art would not 
be motivated to combine Griffiths et al. with Goodson et al. or Woghiren et al. which the 
Examiner asserts teach the addition of methoxy(polyethylene glycol) to cysteine residues in 
the protein. (Official Action, page 8, lines 13-14.) Regardless, even if combined, the 
references do not yield Applicants' invention. 

Woghiren et al. do not suggest the advantage of using methoxy (poly ethylene 
glycol) to modify antibody fragments. The Examiner asserts that Woghiren et al. provide 
motivation to combine, citing the following: "we have prepared an activated form of PEG 
that is a stable reagent, but readily reacts with the thiol group of cysteine to form a disulfide - 
linked PEG adduct ." (Official Action, page 9, lines 6-7.) However, the mere availability of 
an activated form of PEG that is a stable reagent gives no motivation to use the reagent 
specifically with antibodies, and more specifically with monovalent antibody fragments, and 
no expectation of success in this use. In fact, Woghiren et al. actually teaches away from the 
use of PEG to modify antibodies. Woghiren et al. cite a reference in which PEG- 
modification inactivated a monoclonal antibody. (Woghiren et al., Introduction, line 14.) 

In view of the foregoing, Applicants respectfully request that the rejections 
under 35 U.S.C. § 103(a) be withdrawn. 
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For the foregoing reasons, Applicants submit that the present claims meet all the 
requirements for patentability. The Examiner is respectfully requested to allow all the present 
claims. If the Examiner is of a contrary view, he is requested to contact the undersigned at 



Date: 22 January 2001 

Woodcock Washburn Kurtz 
Mackiewicz and Norris LLP 
One Liberty Place - 46th Floor, 
Philadelphia, PA 19103, 
(215) 557-5948 



Attachments: 

J.W. Kenny et al., Cross-linking of Ribosomes Using 2-iminothiolane (Methyl 4- 
Mercaptobutyrimidate) and Identification of Cross-Linked Proteins by Diagonal 
Polyacrylamide/Sodium dodecyl Sulfate Gel Electrophoresis. Methods in 
Enzymology, Vol. 59, pages 534-550. 

C.A. Janeway et al., ImmunoBiology, 4th Edition, Elsevier Science Ltd., London/ 
Garland Publishing, New York, 1999, pages 82-83. 



(215)557-5948. 



Respectfully submitted, 




Ellen M. Klann, Ph.D. 

Registration No. 44,836 



11 



U1/16/U1 



13:14 h'AA-31U 2U8 5871 



IN*'UTK1£V£ 8 



534 



RJ BOSOM GS 



[43J 



m 



art: lost. To examine the incorporation into these proteins. "three-di- 
mensional" electrophoresis of acetic acid-soluble protein is available and 
is described in this volume 

It must be added that these methods are useful Tor study of the 
metabolism of ribosomal proteins in vivo* as shown hy our previous 
reports. 1 " 7 

1M Y. N«bc*himo. K, Imai, nnd K. ojthia, Lo he published. 



[43] Cross-Linking of Ribosomes Using 2-Iminothiolanc 
(Methyl 4-Mercaptobutynmidate) and Identification of 
Cross-Linked Proteins by Diagonal Polyacrylamide/i 
Sodium Dodecyl Sulfate Gel Electrophoresis* 

By; James W. Runny. John M, Lambert, and Robert R. Traut 

Many biological structures contain assemblies of different proteins. 
II is frequently valuable to determine the spatial relationships among the 
different protein components of the multiprotein complex. Bifunctiohal 
reagents have been used effectively, to cross-link one protein component 
to others That occupy a suitably '"neighboring" site in the structure- or 
complex under investigation. A problem frequently encountered is that 
of identification of the monomcric components of cross-linked dimersor 
oligomers. The presence of a readily cleavable bond in the croK.svlinking 
reagent permits reversal of the cross-linking reaction and regeneration: of 
mnnomeric components from isolated cross-linked complexes, thus fa- 
cilitating their identification. Methods are described here thai employ 
reversible cross-linkinj; and analysis of a complex mixture of<:ross-hnked 
produces. They have been used successfully in the investigation of the 
protein topography of ribosomal subunits of Escherichia mii. They are 
of general applicability and are useful in the mvesiigytion of many other 
biological structures containing multiple proLein components. 

The reagent 2-iminolhiolane. formerly called methyl 4-mercaptobu- 
tyrimidatc*- 3 reacts with lysine amino gmups in the intact ribosomal 
subunit to form amidine derivatives containing sulfhydryl groups. Disul- 
fide bonds form when the modified subunit is subjected to oxidation. 

• Supported by u research grant uurn ihc U.S. Public Health Service fGM 17924) 

* R. R. Traut. A. Bollen. T. T. Sun. J. W. D. Hcrshey. J. Sundberg. und I.. R. Pierce. 

H loch v mix try 12,3 ibh ( 1 973 1 . 
3 R. Juc. J. H. Lambert. L. R. hcrc« and ft. R. Traut. Biurhemixtn; . 
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Some of Ihe disulfide bonds are intramolecular, while others arc inter- 
molccular and represent "cross-links" that provide information on the 
relative spatial arrangement of the different ribosomal proteins. The term 
"cross-link," when used in the remainder of the article, will imply inter- 
moleculur disulfide-Iinked prpieins. It is a prerequisite for any cross- 
linking procedure that it not alier the structure under study. Various 
physical propenies of ribosomal subunits, irealed as described here, are 
not detecrably altered. The cross-linked subunits retain the capacity to 
reassociate to form 70 S ribosomes and retain up to 50% of their activity 
in polyphenylalanine synthesis.* 1 

Methods for the separation and identification of cross-linked dimers 
are described. Of particular general applicability is the technique of di- 
agonal polyacrylamide/sodium dodecyl sulfate (SDS)gel electrophoresis/* 
It is a two-dimensional electrophoretic separation, utilizing the size de- 
pendence of the mobility of proteins in SDS to distinguish cross-linked 
from monomelic proteins. The first electrophoresis is performed under 
nonreducing conditions, and the second under reducing conditions. This 
results in a pattern in which non-cross- linked proteins fall on a diagonal 
line and cross-linked proteins fall beneath the diagonal. 

Schematic diagrams of the modification and cross-linking reactions 
(Fig. I) and of diagonal gel electrophoresis (Fig. 2) arc shown. The 
procedures will be described in detail as they have been applied to the 
50 S ribosomal subunil of EM'twrichui coli. In addition to the two general 
methods already mentioned, techniques for the purification of ihe mixture 
of cross-linked protein from 50 S ribosomal subunits prior to diagonal gel 
electrophoresis will be described- 



Modification of 50 S Ribosomal Suhunits with 2-Iminothiolane 

Sol it t ion, s 

1. NH.Cl, 100 mM; Tris-HCU pH 7.2, 10 mM: MgCl,. 10 mM; 2- 
mercaptoethanoL 14 mM 

2. KCI. 50 mA/; triethanoiaminc-HCl. pH 8.0. 50 mA* ; MgCL, 1 mM 

3. Solution 2 with 5 mA/ dilhiothrcitol 

4. 2-Iminoihiolanc. 500 mM : triethanolaminc-HCK pH 8.0, 500 mM; 
iricthanolamine. free base, 500 mAf 

Tris was obtained from Sigma: 2-mcrcaploethanol from BDH; di- 
thiothreiiol from Pierce; triethanolamine from Eastman and distilled 

' J. M. l^mhcn. R. Jue. and R. K- Traul. Biochemistry, in press 1 1978). 

s A, Sommer and R. R. Traut. Proi . Natl. Awd. Sti. U.S.A. 71, 3946 (1974). 
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under vacuum prior to use. 2-[minorhiolane was prepared as described-' 
or was purchased from Pierce, All reagents were of reagent grade. 
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Radioactive SO S ribosomal subunits were isolated from £ <<>li 
MRfcGOU grown in the presence of [^sulfate as described' 1 and were 
more than 959* free of contaminating 30 S subunits as determined hy 
analytical centntufiauon. They were stored in solution I ;n -70° The 
specific radioactivity nf the 50 S ribosomal protein was 170 x ]0 fi com/ 
mg. * 

The ribosomal subunits arc reduced by incubation for 10 min at 30° 
m solution I to which 10? (v /v) 2-mercapioeihanol was added. The ribo- 
somal subunits are then passed through a BioGel P-2 column (15 cm x 
0.7 cm, for a 1.0-mI sample equilibrated wirh solution 3) in order to 
remove free amines that might react with 2-iminolhioIane, The concen- 
tration of nbosomal subunits is adjusted to an A» m of 45 (I mg of ribo- 
somal protein per milliliter) wilh solution 3; 12 mM 2-iminothiolanc (24 
fxl solution 4 per milliliter of sample) is added, and the mixture is incu- 
bated for 2.5 hr at 0 rt . The pH of the modification reaction is 8.0. Under 
these conditions each ribosomal procein reacts with on average two mol- 

*T. T. Sun. A. Bullcn. L. Kahan. and R. K. Tmut, Biovlwmistry 13. 2334 (1974). 
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Fig. 2. Two-dimensional diagonal polyacrylamiUe'aodiuni OoJecyl ^Mlfiite electro- 
phoresis. 

ecules of 2-iminoihiolune. 1 The modified subunils are incubated with 40 
mM hydrogen peroxide (4.5 fi\ of 309? hydrogen peroxide per milliliter 
of sample) at 0° for 30 min to promote cross-linking between adjacent 
sulfhydryl groups by disulfide bond formation. These reactions are rep- 
resented in Fig. I. Unrcacted hydrogen peroxide is removed by the 
addition of catalase (15 Aig of caialase per milliliter of sample) followed 
by incubation for 15 min at 0°. Unreacied 2-iminothiolane is removed 
cither by passing the modified, oxidized sample through a BioGel P-2 
column equilibrated with solution 2. nr by dialysis against solution 2, in 
order to prevent reaction of the imidate with newly exposed amino groups 
in subsequent steps, lodoacetamide is added to a concentration of 40 
mM. The solution is incubated for 30 min at 30° to alkylate free sulfhydryl 
groups inaccessible to oxidation. 

Extraction of Froiein from Cross-Linked Ribosomal Subunits 

Cross-linked 50 S ribosomal subunits are mixed with an equal volume 
of a solution containing 8 M urea (ultra pure). 6 M UC1 and 40 mM 
iodoacclamide (added immediately before use) and incubated at 0°for 24 
hr. The precipitated RNA is removed by centrifugation at 10.000 rpm for 
15 min. The super natant protein fraction is dialyzed exhaustively against 
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ft" acetic ac.d and lyophilized. Alternatively, the protein is precipitated 
by addition of 10 volumes of I09r (w/v j trichloroacetic acid and recovered 
by cenrnfugation at 10.000 rpm for 30 min at 4°. The precipitate is washed 
in ethanol/ether and dried under vacuum. 



Two- Dimensional Diagonal Polyacrylamide/SDS Gtsl 
Electrophoresis 

The disulfide bonds formed by oxidation of modified ribosomal sub- 
units arc readily cleavable by reduction. Polyacrylamide/SDS diagonal 
gel electrophoresis uses this properly of the cross-link to separate inter- 
molecular cross-linked dimers from protein monomers containing only 
intramolecular disulfide bonds. First the sample is cleetrophorcsed under 
nonreducing conditions to maintain disulfide bonds intact. The proteins 
are reduced in the gel to cleave the disulfide bonds and convert cross- 
linked complexes into monomt-ric proteins. Munomcric proteins that had 
migrated as disulfidc-linked complexes in the first dimension migrate 
more rapidly in the second electrophoresis. Uncross-linked proteins have 
the same electrophoretic mobility in both clecirophnretic separations 
The resulting protein pattern is composed of a diagonal line of non-cross- 
Imked proteins with a complex array of cross-linked proteins below the 
diagonal. Figure 2 shows a schematic diagram of diagonal gel electro- 
phoresis. 

The SDS gel system described here gives a linear relationship between 
apparent log (molecular weight) and mobility for both cross-linked protein 
dimers and monomers between 10.000 and 60.000 daJtons as calibrated 
using individual monomelic 30 S ribosomal proteins or commercially 
available molecular weight standards. 7 Within this range, the sum of the 
apparent molecular weights of the monomer proteins below the diagonal 
arising from a putative dimer is within 7.5* of that of the eross-linkcd 
complex. This additivity relationship together with the coincidence of the 
spots on the same vertical line provide the major criteria for identifying 
pairs of proteins originally cross-linked. The diagram in Fig. 2 shows 
these two criteria for assigning the monomelic proteins originating from 
a cross-linked dimer formed in rhe intact subunit. 

Solutions cmtt Avrylamhlt' Gel Compoxilhm 

5. SDS sample buffer, pH 6.8: SDS. Wr w/v: Tris HCl, pH 6.8. 80 
mM\ iodoacetamide. 40 mW: glycerol. 1(K* v/v. The solution is 

7 A. Sommcr and R. R. train. ./. /If,./. «,„/. 97, a7i (1975,. 
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filtered and stored at room temperature. lodoacetamide is added 
immediately before use. 

Upper gel, pH 7.8: acrylamide, 5% w/v; /V*N'-Methylenebisacry- 
bmide (MBA). 0.26% w/v; SDS. 0.255? w/v; Tris-HG, pH 7.8, 
125 m;V/; tetramethylethylenediamine (TEMED)» 0.05% v/v. The 
components are mixed and filtered at room temperature. The so- 
lution is degassed and polymerization is initiated by addition of 
5ml per liter of a freshly prepared solution of ammonium persulfate 
(109? w/v). 

Separation gel. pH 8.7: acrylamide. 17.5% w/v; MBA. 0.35% 
w/v: SDS. 0.1 Of w/v; TrisHCI, pH 8.7, 335 mM; TEMED, 0:033% 
v/v. The components are mixed, filtered, and degassed. Polymer- 
ization is initiated by addition of 6,6 ml per liter of a freshly 
prepared solution of ammonium persulfate (10% w/v). The final 
aerylamide:bisacrylamide ratio is 30:0,6. 

Electrophoresis buffer, pH 8.7: Glycine. 2.8% w/v; SUS, 0.1% 
w/v; Iris base 0.58% w/v 

Tracking dye: Bromphenol blue, in solution 5, 0.1% w/v 



8 



SDS was obtained from Serva and iodoacetamide from Sigma. Ac- 
rylamide (technical grade) and bisacrylamide were obtained from East- 
man and used without reerystallization. 



First SDS electrophoresis 

Approximately I mg of lyophilized or precipitated cross-linked protein 
is dissolved in 25-50 fi\ of solution 5 and incubated for 15 min at 65°. 
Tracking dye is added immediately before electrophoresis. The gels are 
poured in silicon-coated glass tubes 14 cm x 0.4 an (i,d.). The separation 
gel (solution 7) and the upper gel (solution 6) are 10 em and 1 cm, 
respectively. Electrophoresis toward the anode is at 2 mA/gel for 3.5 hr 
at room temperature using solution 8 as the electrolyte. In experiments 
for which it is desirable to have marker proteins, such as total 50 S 
protein, for the second electrophoresis (see Fig. 6). this is added to the 
origin of the gel 10 min prior to completion of electrophoresis. After 
electrophoresis, the gel is removed from the tube by smashing the glass 
and then soaked in 50 ml of solution 8 made 3% (v/v) in 2-mercaptoeth- 
anol, for 15 min at 65°. The gel is then incubated for 30 min at room 
temperature in another 50 ml of solution 8 in which the pH is arjjusted Lo 
6.8. The gel is now ready to be embedded as the origin of the second 
polyacrylamide gel, which is a slab- 
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Scrolttl SDS EU'i 'tropharvxis 

The apparatus is a modification of thai described previously* and 
consists of two glass plates (24 cm x 12 cm) separated by Plexiglas 
spacers (0.4 cm) clamped to a Plexiglas unit with upper and lower 
reservoirs for electrolyte. The reduced gel from the first dimension is 
embedded at the origin of the gel slab by first squeezing it between the 
glass plates and pouring the separation gel on top of it. The composition 
of the gel is identical to that of the first electrophoresis. Tracking dye 
(solution 9) is applied just above the embedded gel cylinder prior to 
electrophoresis. Electrophoresis is carried out for 1 hr at 50 V followed 
by 30 hr at 90 V using solution 8 as the electrolyte. The gel slab is stained 
for 30 min in a solution containing methanol, glacial acetic acid, and 
water (5:1:5 by volume) with 0.559/ (vv/v) Amido black. 

Purification of Radioactive, Cross-Linked Ribosomal Proteins prior 
to Diagonal Gel Electrophoresis 

Figure 3 shows stained diagonal gels for ribosomal proteins from both 
the 30 S and 50 S subunits. The patterns arc complex. Many protein 
dimers can be identified by the criteria mentioned previously: the addi- 
tivjiy of apparent molecular weights (monomer u + monomen, = cross- 
linked species,.), and the finding of a and b on the same vertical line 
descending from c (see Figs. 2 and 3). Many more protein dimers are 
present than can be readily identified. This is because many ribosomal 
proteins have the same or similar molecular weights. Accordingly, pro- 
cedures were developed to simplify the samples analyzed by diagonal gel 
electrophoresis. The cross-linked subunits are llrsi extracted with in- 
creasing concentrations of LiCI." Then each extracted fraction is sepa- 
rated by electrophoresis in polyacrylamide/urea gels. 10 The gel is sliced 
into 0.5-cm segments, each of which serves as one sample for diagonal 
gel electrophoresis. 

Extraction with UCl 

Solutions 

10. Solution 2 with 1.0 M LiCI 

11. Solution 2 with 1.5 M LiCI 

12. Solution 2 with 2.0 M LiCI 

8 G. A. Howard and R. R, Trout, this soics. Vol. 30. p- 526. 
J A. Sommcr and R. R. Tniul. J. Mot. Bmt. i0t». 995 (197M. 

10 U. C. Knopf. A. Sommer. J. Keimy. and R. R. Tram. A/»/. M,>1, Rep. 2, 35 ( 1*75). 
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Fm. 3. Two-dimensional diuyuiml pulyacrylumide'SDS gels of proteins extracted" from 
ribosonwl subunits modified wilh 2-iminothKManc und oxidized. iA) 30 S tuhiinits. <B) 50 
S Mibunus. lvl*eirophoresis was as represented in Fiji. - und described in ihc text, except 
ihut llif iicrylamidc eoneemrulkxi for ihe 30 S suhunits was 13.5'" ■ 



Cross-linked 50 S ribosomal subunils labeled in vivo with L :ia S]suIfate H 
(180 A*** units or 4 of protein) in 4.2 ml of solution 2 wifh 80 mM 
iudoacetamide are adjusted lo 0.2 nvW EDTA and mixed with an equal 
volume of solution 10. The mixture is incubated for 5 hr at 4° and then 
centrifugetl lor 17 hr at 27,000 rpm in a Bookman SW 56 rotor. The 
radioactive supernatant fraction is mixed wilh 300 ii& of nonradioactive, 
uncross-linked Total 50 S ribosomal protein, dialyzed against fi% acetic 
acid, and lyophilized. The procedure is repeated on the pelleted prolein- 
dcflcieni ribosomal subunit fraction with solutions 1 1 and 12 successively 
to extract additional ribosomal protein fractions. Al each step the protein- 
deficient "core" is first suspended in solution 2 containing 80 iriA/ io- 
doacetamide and incubated for 30 mm at 30° in order to alkylate any free 
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sulfhydryl groups that might become exposed by removaJ of proteins. 
Free sulfhydryl groups arc capable of undergoing cither random inter- 
molecular oxidation or disulfide interchange when the proteins are ex- 
tracted from the intact ribosomal subunit or core particle. The final core 
particle is also alkylated and then treated with 66% acetic acid, 33 mA/ 
MgCl. z to extract the remaining protein and precipitate the RNA. The 
protein is dialyzed against 69? acetic acid and lyophilized. All protein 
fractions are enriched for specific cross-links as well as monomelic pro- 
teins. The recovery of protein and radioactivity is shown in Table I, 



Elec t rophore ric Fr actio i \ u (io n 

Lyophili2ed protein fractions (see Table I for amounts) are resus- 
pended in 50 ii\ of a buffer containing 8 M urea and 40 mM iodoacetamide. 
Pyr.inine G is added to the solution as a tracking dye. Samples are 
fractionated by electrophoresis in A c /r, pelyacrylamidc gels (10 cm x 0.4 
cm i.d.) containing 6 M urea and 38 m.W bis-Tris 'acetate, pH 5.5. 10 Elec- 
trophoresis is carried out for 5 hr at I mA per gel coward the cathode. A 
detailed description of this gel system follows in the next section. The 
gel is removed from the glass tube and sliced into 20 cquaJ fractions of 
0.5 cm length. The gels are illustrated in Fig. 4. along with unfractionatcd 
cross-linked 50 S ribosomal protein and noncross-lmked monomeric total 
50 S protein. 

Each 0.5-cm gel slice containing radioactive protein from cross-linked 
ribosomal subunits is inserted at one end of a 10.5 cm x 0.4 cm (ID) 
silicon-coated glass tube. The end containing the gel slice is covered with 



TABLE I 

Extraction oh CROSS-biNKKfi m R-I..akki .v.n SO S Suhunits with \aO* 



Protein 
fraction 



Protein 



Radioactivity 
<cpm x 10-*) 



Percentage 
recovered 



0,00-0.50 M LiCI 1.55 

0.50-0.75 M LiCI 0.76 

0.75 1.00 M l..iO 0-21 

1.00 M UCI core 0.23 

(extracted with acetic 

acid) 



26* 
130 
36 
40 



38.7 

5.2 
.s.fc 



• The total protein present prior to initial extraction was 4 mg 1 12 nig of 50 S subunits) 
containing Wtt x 10* cpm. Protein recovered was calculated from specific radioactivity 
as measured after dialysis against acetic acid. The recovery was 687r. 
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Fk>. a. i\>|y*cryliimide/urca gel electrophoresis of protein fractions extracted from 
cross-linked 50 S ribosormi] subunits at different concentrating of UCt. The acrylaimde 
concentration wa, 4* and rhe pH was 5.5. Details arc given in the text. a. Cross-hnkcd 
total 50 S pror^in: b. noncross-linkcd total 50 $ protein: c-e. protein extracted rrotn cross- 
linked 50 S subunits with LiCl: c. 0-0.5 Af; d, 0.5-0.75 M; c. 0.73-l.Q M; f. proteins 
remaining after junction with 1.0 W Li CI. The core particle was ex tmc Led with 66% acetic 
acid . 
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Parafilm. The tube is inverted and filled with a polyacrylamide/SDS gel 
solution containing 11.5% acrylamide (solution 7), and electrophoresed 
as previously described. The second eleeirophoresis is also carried out 
£ls previously described and is followed by staining Ihe gel with Amido 
black. An example of a simplified diagonal gel pattern resulting from 
these fractionation steps is shown in Fig. 6A. 

Two-Dimensional Polyacrylamide/Urea Gel Electrophoresis for the 
Identification of Radioactive Proteins from Diagonal Gels 

The position of a stained protein spot on a diagonal gel is insufficient, 
in many cases, for unambiguous identification of ribosomal proteins since 
many have similar molecular weights, li is for this reason that radioactive 
prorein is used throughout the methods described here. Radioactive pro- 
teins beneath the diagonal are eluted, mixed with total noncruss-Iinked, 
nonradioactive 50 S ribosomal protein, and analyzed as described below! 

Solutions and AcrylamUle Col Composition 
Prorvhi Elation 

13. Tris-acetate, pH 7.8, 100 mA/: SDS. \7i w/v; 2-mcrcaptoetha- 
nol, \9< v/v 

14. Tris-aeetate. pt£ 7.8. 50 mA/; urea, 8.0 M: 2-mercaptoethanol. 

We v/v 

First rk'c tropho re sis 

15. Sample buffer: urea. 8.0 A7: iudoacetamide. 40 mA/ 

16. Upper gel. pH 4.7: acrylamide. 4C>; w/v: MBA, 0.0667r w/v; 
urea. 6.0 A/: Bis-Tris, 38 mA/: TfcMED. 0.02^ v/v 

17. Separation gel, as solution 16 except pH 5.5 

The pH of solutions 16 and 17 is adjusted with glacial acetic acid alter 
mixing the components. To catalyze polymerization of the gels, 5 ml per 
liter of ammonium pcrsulfate (109? w/v) are added to the degassed gel 
solutions. 

18. Electrophoresis buffers: (upper reservoir) Bis-Tris -acetate. pH 
3.7, 20 mA7; (lower reservoir) Bis-Tris -acetate. pH 7.0, 20 mA/ 

19. Tracking dye: pyronine G, 0,5'7r w /v in solution 15 

Svioiul Elettrophuresis 
.20. Separation geL pH 4.6: acrylamide, WA w/v; MBA. 0.259? w/ 
v: urea, 6.0 M\ glacial acetic acid, ¥20 mA/: KOH. 48 mA/: 
TEMED. 0.58^ v/v 
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DISULFIDE CROSS-LINKING OF RIROSOMAL PROTEINS 



The second eleetrophoretic separation is a slight modification of the 
system of Kaltsehmidt and Wjumann." Polymerization is^catalyzed by 
the addition of 3(1 ml per lixer of ammonium persulfate (10^4 w/v). 

21. Electrophoresis buffer, pH 4.0: glycine, 180 mAf: acetic acid, 
6 mM 

22. Staining solution: trichloroacetic acid, 12.5% w/v: Coomassie 
Blue 0-250, 0,0125% w/v 

Urea "ultra pure" and Bis-Tris were purchased from Sigma, glycine 
from Eastman, trichloroacetic acid (analytical grade) from Mallinckrodt, 
and Coomassie Blue G-250 from Pierce. 

Lhitian oj Proteins from Dia^tfiuii Cr/.v 

The .stained spots from diagonal gels are cut out. The gel is then 
macerated with n glass rod to make a fine slurry suspended in an adequate 
volume (200-500 /xl depending on size of gel segment) of solution 13. The 
slurry is incubated for 15 min at 65° and then cooled to room .temperature. 
Nonradioactive. noncross-Iinked total 50 S protein. 300 //.g, is added. This 
carrier is added in order to decrease loss of radioactive protein and To 
act as marker on subsequent two-dimensional polyacrylamide/urea gel 
electrophoresis. The mixture of protein and gel particles is adjusted to 
approximately 8 M urea by adding solid crystals, approximately doubling 
the volume, and applied to a column (2.5 cm x 0.8 cm for a 1.0 ml 
sample) containing Bio-Rad Dowex I-X8 (20-50 mesh, acerate form) 
equilibrated with solution 14 to remove SDS. The sample enters the 
column under gravity and is washed through with 0.5 ml of 669? acetic 
acid. SOS and slain are bound to the resin. The eluate is dialyzed against 
f>7< acetic acid and lyophilized. 

Firs t El cc t n )ph ore s is 

hach sample is resuspended in 25-50 /d of solution 15, mixed with 
tracking dye (solution 19). and applied to silicon-coated glass tubes (12 
cm x 0.3 cm i.d. ) containing a separation gel (solution 17) and an upper 
gel (solution In), which are 10 cm and 0.5 cm. respectively. The acrylam- 
ide concentration is low (4Cf), and the separation is predominantly due 
to differences in charge. Electrophoresis is carried out for 5 hr at 1 mA/ 
gel at room temperature toward the cathode. The pH of the upper elec- 
trophoresis buffer is 3.7 and that of the lower. pH 7.0. The low pH of the 

" £. JCallschmidi and H. C. Wittmunn. Anal. Bimiwm. to. 401 (1970). 
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upper buffer allows ihe entry of all ribosomal proteins including the acidic 
proteins L7 rind 1,12 into the gel. 

Svconcl Electrophoresis 

After completion of the first electrophoresis, the gel is removed from 
the tube and embedded at the origin of the second urea gel slab. The high 
acrylamidc concentration (18%) results in a separation of the proteins 
based predominantly on size. The apparatus used is similar to Lhal de- 
scribed earlier." The dimensions of the gel are 10 cm x 12 cm x 0.3 cm. 
After polymerization of the gel (solution 20) and application of tracking 
dye (solution 19), electrophoresis is carried out toward the cathode for 
between 7 and 16 hr at 150 V to 65 V in a glycine buffer at pH 4.0 
(solution 21). The gel slabs are stained for 30 min in 100 ml of solution 
22 containing Coomassie Dlue G-250. 1 '- The slained protein spots are 
intensified by soaking the gel in 100 ml of 6 C # acetic acid for 30-60 min. 
To clear the gel of trichloroacetic acid, which is required if the gel is to 
be dried in preparation for radioaulography, the gel is transferred to 
another 100 ml of 69r acetic acid and slowly shaken for approximately 18 
hr. The gel is then dried onto Whatman 3 MM paper under vacuum with 
heating using a commercially available gel slab dryer unit. 

Identification of Individual Rihosonud Proteins hy Radioauto%raphy 

The gel is exposed to X-ray film (Kodak No-Screen medical X-ray 
film) by placing the gel directly against the film and clamping between 
two 1 cm-thick foam pads and two 15 cm x 20 cm x 0.7 cm plywood 
sheets. The exposure time depends on the radioactivity of the sample; 
for example. 10.000 cpm of :i "'S-labeled protein requires an exposure rime 
of approximately 2 weeks. The X-ray film is developed using standard 
procedures. 



Results and Diflcussion 

Figure 3 shows diagonal gels of both cross-linked 30 S and 50 S 
ribosomal subunits of Escherichia colL The complexity of the patterns 
beneath the diagonal is apparent. An exhaustive analysis of such patterns 
is made difficult because of overlap of spots due to cross-linking among 
proteins, many of which have the same or similar molecular weights. The 
specificity of the patterns is notable. The patterns, though difficult to 
analyze in detail, arc characteristic "fingerprints" of the protein topog- 

12 W. Diezel. G. Koppcrschlagcr. and E. Hofmann, Auat, Biovhrm. 48, 617 ((972). 
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raphy of each subunit. There are differences in position and intensities 
of spots: some proteins are frequently cross-linked and often to more 
than one neighboring protein; others arc less frequently found in cross- 
links. Partial purification of the mixture of the proteins extracted from 
cross-linked 50 S ribosomal subunits was obtained by salt extraction and 
electrophoresis. The gels in Fig. 4 illustrate the fractionation achieved 
by extraction of the particle with increasing concentrations of LiCl. The 
horizontal lines indicate the 0.5-cm slices that were used for diagonal gel 
electrophoresis. 

The polyacrylamide/urea gel electrophoresis system used for the final 
identification of ribosomal proteins cluLcd from diagonal gels is illustrated 
in Fig. 5. In this example total 70 S. ribosomal protein was analyzed. 
However, it is clear Lhat the system separates as discrete spots all the 50 
S proteins. Thus the elution of a radioactive component from a diagonal 
gel, mixing with nonradioactive total 50 S protein, and electrophoresis in 
this system followed by staining and radioautography. leads to its un- 
ambiguous identification. 

A diagonal gel of one of the purified fractions from cross-linked 50 S 
ribosomal subunils is shown in Fig. 6A. Comparison with Fig. 3B shows 
the degree of purification obtained. Two pairs of spots are indicated by 
arrows. Aj and A 2 fall on the same vertical line whose intercept on the 
horizontal axis indicates a molecular weight for the cross-linked species 
of 31,000. The molecular weights of A, and A* given by the intercepts on 
the vertical axis are 20,800 and 10.100, respectively, giving a sum equal 
to that of the putative cross-linked dimer. Component A could be L5 
and/or L6, judged from its mobility in SDS gels, and A* could be one of 
four different proteins. The radioactive components were clutcd and 
analyzed by electrophoresis in the two-dimensional polyacrylamide/urea 
gel system. Figure 6R shows a radioautograph of the gel. The dark spots 
correspond to L5 and L25 as determined by superposition of the X-ray 
film on the stained gel. Similar analysis of B, and B 3 show them to have 
molecular weights consistent with their presence in a cross-linked dimer 
and their identity as L17 and L32. More than thirty protein dimers have 
been identified from the 50 S ribosomal subunit using the methods de- 
scribed here. While the purification procedures are time consuming, they 
simplify greatly the identification of components of dimers. Purification 
also facilitates identification of dimers formed in moderate to low yield. 
Important in this regard is the fact that ail protein pairs identified using 
the purified fractions appear on diagonal gels like thai shown in Fig. 3B 
of the total cross-linked protein. 

There are many possible explanations for the variability in the yield 
of cross-linked protein pairs: differences in reactivity oflysinc residues 
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Fig. 5. Two-dimensional polyacryUmide.'uiea gel electrophoresis of lota) 70 S rihuxi.tmal 
protein of Escherichia mli. Protein w:is extracted from 70 S nbosomcs with 66# acelk- 
acid, dialyy.ed. and lyophilued. Klccirophoresis whs as described in Fig. 4 for ihe first 
electrophoresis and at pi l 4.6 in 18^ acrylamidc for the second electrophoresis. Sec text 
Tor details. The numbering scheme conform* to thut of K. Kaltschmidt and H. Ci. Witlmann. 
Pnn . AVi//. Armi, Sri. U.S.A. 07. 1276 (1970). The system clearly resolves all proteins 
except $16/517 u nd S9/SII. 1-26 and S20 are the <ame protein as ihitt found on hoih 
subunilH. The spot marked X is u 50 S proicin not previously reported. 
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and of the sulfhydryl groups introduced; the relative ^isolation" of cer- 
tain proteins, or lysines contained therein, from other proteins, possibly 
due to shielding by RNA; possible compositional and conformation het- 
erogeneity in the population of ribosomal subunits; competition between 
dimer formation and the formation of higher cross-linked oligomers: and, 
perhaps most important, competition between inlermolecular cross-link- 
ing and intramolecular disulfide bond formation. 1 * 4 It has been contended 
that disulfide cross-linking leads to artifacts: that cross-linked protein 
dimers may be due to disulfide interchange and/or random oxidation and 
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FtG. 6. Two-UimcnMonul diagonal polyacrylamide/SDS gel of a purified fruLlion from 
cross-linked ?« S suhunils. und ladioautographs of two-dimensional polyaoylumide/.n*. 
gels illustrating ideutiltonon of cross-linked monomeric proteins. Slice number 6 from 
puncl f (Fig. 4\ was analyzed by diagonal gel ekcirophivcsU lAl- The radioactive proteins 
A I. A2. Bl. and H2 were cluled fiuin the jwl. mixed with nonradioactive toiul 50 S protein, 
•and electrophoreses in the two dimensional polyacrylamidc/urca gel system shown in Fig. 
5. <B) and |C) are rodia:miographs in which the dark spot*. represent the radioactive 
components und the dolled circles rcprcscm stained murker proteins whose positions were 
used lu identify the proteins of interest. 

may not reflect protein neighborhoods existing in the intact ribosomal 
subunil. ,!<H The rneihods described here incorporate deliberate proce- 
dures to preclude such possible artifacts. Alkylation with iodoacetamidc 
is included at each step of the procedure to minimize or exclude the 
presence of free sulfhydryl groups, necessary for either interchange or 

'* II. Peretz* H. Towbin. und O. Bison. Eur. J, Bhvhtm- 63, 83 (1976). 
» C. G. Kurland, in "Molecular Mechanisms of Protein Biosynthesis" (H. Weissbach and 
S. Hestka, ed*.», p 81. Academic l*ress. New York. 1977. 
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nonspecific oxidation. The results, however, are nearly identical to those 
obtained earlier 5 - 7 when acidification alone was employed to prevent the 
possible occurrence of nonspecific events. The cross-links reflect reac- 
tions which take place in the intact ribosomal subunit. The procedures 
do not detectably alter ihe structure of The subunit. 

Other clcavable cross linking reagents have been employed in the. 
study of ribosomc protein topography and in other systems. They include 
dimethyl 3 J'-dithiobispropionimidaie r i:j ' ,a difhiobis(succinimidyl)pro- 
pionimidatc.' 7 rartry! dia2ides. ,H and, N.A/'-bis(2-carboxyimidoethyl) tar- 
larimide. 1 " Diagonal gel electrophoresis has also been employed by oth- 
ers, both with the disulfide reagents and the t arcane acid derivatives. A 
method for cleaving cross-links farmed with dimethyl suberimidate has 
been reported.*' A method quite similar to that described here has been 
used in an investigation or chromatin structure employing the reagent 
methyl 3-mercaptuprupionimiriate.- 1 

The use of 2-iminnthiolane to form interprotein cross-links has several 
distinct advantages: the disulfide cross-link is readily reversed by reduc- 
tion; the compound is relatively stable in solution compared to other 
imidates, probably owing to its five-membered ring structure: it is avail- 
able commercially: the cross-linking reaction is separated from the initial 
protein modification reaction with the consequence that any lysine that 
reacts with the reagent is a potential site tor cross-linking. Other imidate 
cross-linking reagents are Afunctional imidaies: e.g.. dithiobispropion- 
imidate. dimethylsuberimidate and may give a lower yield of cross-linking 
due to the likelihood rhar one functional group may react with protein 
while the second may hydrolyze prior to reaction with a second protein. 

Protein, cross-linking with 2-iminothioIane and oxidation to form di- 
sulfide linkages between neighboring proteins and analysis by diagonal 
gel electrophoresis are general techniques. Detailed methods have been 
described here as they have been applied to the investigation of the 
protein topography of ribosomes. However, with slight modifications the 
methods for cross-linking and for diagonal gel electrophoresis can be 
readily applied to the investigation of other protein complexes. 

" K. Wang, and F. M. Richard*, ./. Hint. Chen. 249. 800$ (1974). 
w A. Ruc-ho. P. A. Banleir, A. Runon. and S. J. Singer. Bhvl\em. Bmphv*. /?f,t. Commun 
63,417(1*75). 

17 A. J. I.omant ami C. Fairbanks. J. Mnl. Biol. 104. 243 (I97A). 

" L. C Luticr, C. G. KurinnU, and C. Stoffler, FEBS Un. 54, 144 (1975), 

1U J. R. Cogens. J- Lumsdcn. and A. D. B. Mnlcolm. Hindu mixtry 16, I III (1977). 

in A. txpcrt-Bczanvon. D, Barriiaulr. M. Milei. M.-F. Cucrin. and D. II. Haves J Mul 

Biuf. 112, 603 (1977). 
*' J. O. Thomas and R. D. Romberg. FEBS Lett. 58, 333 (1975), 
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Chapter 3: Structure of the Antibody Molecule and the Immunoglobulin Genes 



| 3-3 | The antibody molecule can readily be cleaved into functionally 
distinct fragments. 

The antibody molecule comprises three equal-sized globular portions joined 
by a flexible stretch of polypeptide chain known as the hinge region to form 
a crude Y shape (see Fig. 3.1). Each arm of the Y is formed by the association 
of a light chain with the amino-terminal half of a heavy chain, whereas the 
trunk of the Y is formed by the pairing of the carboxy-terminal halves of the 
two heavy chains. The association of the heavy and light chains is such that 
the Vh and Vl domains are paired, as are the ChI and Cl domains. The Ch3 
domains pair with each other but the Ch2 domains do not interact; carbo- 
hydrate side chains attached to the Ch2 domains lie between the two heavy 
chains. The two antigen-binding sites are formed by the paired V H and V L 
domains at the end of the two arms of the Y (see Fig. 3.1, center panel). 

Proteolytic enzymes (proteases) that cleave polypeptide sequences have 
been used to dissect the structure of antibody molecules and to determine 
which parts of the molecule are responsible for its various functions. Limited 
digestion with the protease papain cleaves antibody molecules into three 
fragments (Fig. 3.4). Two fragments are identical and contain the antigen- 



Fig. 3.4 The Y-shaped Immunoglobulin 



Proteolytic cleavage by papain 



molecule can be dissected by partial 
digestion with proteases. Papain 




cleaves the immunoglobulin molecule 
into three pieces, two Fab fragments 
and one Fc fragment (upper panels). 
The Fab binds antigens. The Fc is 



crystallizable and contains C regions. 
Pepsin cleaves an immunoglobulin to 
yield one F(ab')2 fragment and many 
small pieces of the Fc fragment, the 
largest of which is called the pFc' 



fragment (lower panels). F(ab')2 is 
written with a prime because it 



contains a few more amino acids than 
Fab, including the cysteines that are 
necessary for the disulfide bonds. 



Proteolytic cleavage by pepsin 



binding activity, and these are termed the Fab fragments, for Fragment antigen 
binding. The Fab fragments correspond to the arms of the antibody molecule, 
which contain the complete light chains paired with the Vh and ChI domains 
of the heavy chains. The other fragment contains no antigen-binding activity 
but was originally observed to crystallize readily, and for this reason was 
named the Fc fragment, for Fragment crystallizable. This fragment corre- 
sponds to the paired Ch2 and Ch3 domains and is the part of the antibody 
molecule that interacts with effector molecules and cells. 

The exact pattern of fragments obtained after proteolysis depends on where 
the protease cleaves the antibody molecule in relation to the disulfide bonds 
that link the two heavy chains. These lie in the hinge region between the C H 1 
and C H 2 domains, and, as illustrated in Fig. 3.4, papain cleaves the antibody 
molecule on the amino-terminal side of the disulfide bonds, releasing the 
two arms of the antibody as separate Fab fragments, whereas in the Fc frag- 
ment the carboxy-terminal halves of the heavy chains remain linked. 

A second protease, pepsin, cleaves in the same general region of the antibody 
molecule as papain but on the carboxy-terminal side of the disulfide bonds 
(see Fig. 3.4), producing a fragment, the F(ab') 2 fragment, in which the two 
arms of the antibody molecule remain linked. In this case the remaining part 
of the heavy chain is cut into several small fragments. The F(ab'h fragment 
has exactly the same antigen-binding characteristics as the original antibody 
but is unable to interact with any effector molecule and thus is of potential 
value in therapeutic applications of antibodies as well as in research into the 
role of the Fc portion. 

Genetic engineering techniques also now permit the construction of a trun- 
cated Fab comprising only the V region of a heavy chain linked by a stretch of 
synthetic peptide to a V region of a light chain. This is called single-chain Fv, 
named from Fragment variable. Fv molecules may become valuable thera- 
peutic agents because of their small size, allowing ready tissue penetration. 
They may be coupled to protein toxins to yield immunotoxins with potential 
application, for example, in tumor therapy. 



| 3-4 1 The Immunoglobulin molecule is flexible, especially at the hinge 
region. 

The hinge region that links the Fc and Fab portions of the antibody molecule 
is in reality a flexible tether, allowing independent movement of the two 
Fab arms, rather than a rigid hinge. For example, electron microscopy of 
antibody complexes with a bivalent hapten capable of crosslinking two 
antigen-binding sites demonstrates that the angle between the two Fab 
arms can vary (Fig. 3.5). Some flexibility is also found at the junction 
between the V and C domains, allowing bending and rotation of the V 
domain relative to the C domain— for example, in the crystal structure of 
the antibody molecule shown in Fig. 3.1 (top panel), not only are the two 
hinge regions clearly different, but the angle between the V and C domains 
in each of the two Fab arms is also different. This range of motion has led to 
the junction between the V and C domains being referred to as a 'molecular 
ball-and-socket joint'. Flexibility at both the hinge and V-C junction 
enables the binding of both arms of the antibody molecule to sites that are 
different distances apart, for instance sites on bacterial cell- wall poly- 
saccharides. Flexibility of the hinge also permits the interaction of antibodies 
with the antibody-binding proteins that mediate immune effector mecha- 
nisms, as will be described in Chapter 9. 
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are !o«t. To examine the incorporation into these proteins, •'three-di- 
mensional*- electrophoresis of acetic acid-soluble protein is available and 
is described in this volume HI]. 1 " 

It must be added that these methods arc useful fur study of the 
metabolism of ribosomal proteins in vivo, as shown by our previous 
reports. 1-7 

,u Y. N«b«*hima. K. Imrti, nnd K. Ogata, Lo he published. 



[43] Cross-Linking of Ribosomes Using 2-Iminothiolanc 
(Methyl 4-Mercaptobutyrirnidate) and Identification of 
Cross-Linked Proteins by Diagonal Polyacrylamide/; 
Sodiurn Dodecyl Sulfate Gel Electrophoresis 1 

By James W, Kenny. John NT Lambert, and Robert R. Traut 

Many biological structures contain assemblies of different proteins. 
11 is frequently valuable ro determine the spatial relationships among the 
different protein components of the multiprotein complex, Bifunctional 
reagents have been used effectively, to cross-link one protein component 
10 others That occupy a suitably "neighboring" site in the structure- or 
complex under investigation. A problem frequently encountered is that 
of identification of the monomeric components of cross-linked dimers or 
oligomers. The presence of a readily cleavable bond in the croKs-Knking 
reagent permits reversal of the cross-linking reaction and regeneration G f 
monomeric components from isolated cross-linked complexes, thus fa- 
cilitating their identification. Methods are described here that employ 
reversible cross-linking and analysis of a complex mixture of cross-linked 
produces. They have been used successfully in the investigation of the 
protein topography of ribosomal subunits of Escherichia voli. They are 
of general applicability and arc useful in the invesiigation of many other 
biological structures containing multiple protein components. 

The reagent 2-iminolhioIane. formerly called methyl 4-mercaptobu- 
tyrimidate*--' 1 reacts with lysine aminu groups in the intact ribosomal 
subunit to form amidine derivatives containing sulfhydryl groups. Disul- 
fide bonds form when the modified subunit is subjected to oxidation. 

1 Supported by u research grant Hum the U.S. Public Health Service fdM I7<J24) 

7 K. R. Traut, A. Rolien. T. T. Sun. J. W. D. Hcrshey. J. Sundber*. und I., k Pierce 

Hlovhmistry 12, .VJ66 ( 1973). 
3 R. Jue. J. H. Lambert. L. R. *crc« and R. R. Traut, Bitxrhrmixtry . in pres., 1 1978). 
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